The purpose of this paper is to propose a sound localization method as an alternative of the time-resolved particle image velocimetry (PIV) system for detecting the aerodynamic sound source of a circular cylinder in a uniform flow. The sound source intensity of a circular cylinder in a uniform flow is evaluated by measuring the time-derivative of instantaneous velocity field in the flow field using a pair of planar PIV system. It allows the visualization of the sound source intensity distribution, which is the time-derivative of the vector product of vorticity and velocity. The experimental results indicate that the aerodynamic sound is generated from the separation point and the velocity fluctuation in the separating shear layer from the circular cylinder. These results agree qualitatively with the previous findings from experiment and numerical simulation, which supports the validity of the present experimental method for evaluating the sound source intensity distribution.
Introduction
The aerodynamic sound generated from a bluff body in a stream is an important topic of interest and has been studied in literature. A circular cylinder is a typical example of such a bluff body in a stream that generates aerodynamic sound, so that the mechanism of aerodynamic sound from the circular cylinder has been a topic of interests in literature [1] - [3] . Knowledge about the pressure distribution, fluid forces, flow separation, mean and turbulence characteristics on and around the circular cylinder is fundamental to understand the mechanism of aerodynamic sound. These analytical and experimental studies on the sound and the flow field are summarized in review papers [4] [5] , while the numerical approach to the flow induced sound has been developed due to the recent advance of computational technology [6] .
A variety of experimental methods for localizing the sound sources have been proposed in literature, such as the acoustic impedance method [7] , microphone array method [8] , cross-correlation method [9] - [11] , and the method using time-resolved particle image velocimetry (PIV) [12] [13] . Among these experimental methods, the last two methods allow for localization of the aerodynamic sound sources because they can evaluate simultaneously the velocity field, which supports the understanding of the generation mechanism for aerodynamic sound. The cross-correlation method analyzes the relationship between velocity fluctuations in the near field and the sound pressure fluctuation in the far field of a circular cylinder. This method relies on the acoustic analogy that the sound source intensity is proportional to the vector product of vorticity and velocity in the flow field [10] [11] . The other approach is the evaluation of the cross-correlation between the fluctuating static pressure fluctuation and the sound pressure fluctuation emitted from a bluff body [11] . On the other hand, the method using time-resolved PIV provides the time-series data of instantaneous velocity field, which allows the evaluation of time-derivative of the vector product of vorticity and velocity in the flow field [12] and the evaluation of the pressure fluctuation on the cylinder surface [13] . This method using the time-resolved PIV is effective for evaluating the aerodynamic sound spectrum, although it is very expensive and requires too many PIV image data to analyze the time-series velocity data. Therefore, it is preferable to develop an alternative cost effective method.
The purpose of this paper is to describe a new experimental method focusing on the localization of the sound source distribution of a circular cylinder in a uniform flow. This method is based on the direct evaluation of the time-derivatives of the vector product of vorticity and velocity using a pair of standard PIV system.
Theoretical Background
According to the vortex sound theory [2] [3], the acoustic sound p a can be expressed by the following equation assuming that the flow is in low Mach number:
Here, c: sound speed, G: compact Green function, r: distance from sound source, t: time, u: velocity vector, V: volume of interest, x i : position of interest, ω: vorticity vector. Note that the vector product of vorticity and velocity in Equation (1) is called as Lamb vector and the time-derivative of the Lamb vector in Equation (1) is the sound source intensity. Therefore, the time-derivative of the Lamb vector is a key parameter to be measured in the present study for localizing the aerodynamic sound source from a circular cylinder.
Experimental Method

Experimental Apparatus
The experiment was carried out in an acoustic open-jet wind tunnel, which has been described in Ref. [14] . The test section has a dimension 190 × 190 mm with 600 mm long. A circular cylinder of 15 mm in diameter was placed horizontally 300 mm from the nozzle exit and at mid-height of the wind tunnel. The test circular cylinder was made of acrylic resin material and supported by two vertical side plates made of transparent acrylic resin. The flow around the circular cylinder in a uniform flow was observed through the side plates. The top and bottom of the test section were open to the atmosphere. The experiment was carried out in a mean velocity of U 0 = 30 m/s, which corresponds to a Reynolds number
, where ν is the kinematic viscosity of working fluid of air. Note that the mean velocity in the test section was uniform within an accuracy of ±1%, and the free-stream turbulence level was about 1% [14] .
Measurement of Sound Source Intensity
In order to evaluate the sound source intensity in the flow field, a pair of standard PIV system is introduced into the measurement. Each PIV system consists of a CCD camera (1280 × 1024 pixels with 12 bits), Nd:YAG lasers (50 mJ/pulse with 30 pulses/sec) and a pulse controller. An illustration of the experimental system is described in Figure 1 . It should be mentioned that this experimental system allows the measurement of instantaneous planar velocity field in a short time difference, which results in the evaluation of time derivative of the sound source intensity in the plane of measurement. The principle of the measurement is that the camera A captures the smoke image illuminated by the 1st and the 2nd laser shots and the camera B captures the smoke images by the 3rd and 4th laser shots. Then, two pairs of images are analyzed by the cross-correlation analysis with sub-pixel interpolation technique to obtain the velocity vectors around the circular cylinder in a short time difference. The time derivative of the velocity vectors is calculated from the two velocity vectors at the same position of the flow field. It should be mentioned that the time difference between the 1st and 2nd images is set to 5 μsec, which is true for the 3rd and 4th images. On the other hand, the time difference between the 1st and 3rd images, which corresponds to the time difference between the two instantaneous velocity vectors, is set to 200 μsec. This time difference is determined from the consideration of pixel resolution of the velocity measurement, which is about 0.1 pixels in the present PIV analysis, while it should be much smaller than the time interval of vortex shedding 2.7 msec. It should be mentioned that this PIV system allows the flexible setting of the time difference between the PIV images and the cost is an order of 1/10 in comparison with the time-resolved PIV system.
Results and Discussion
Sound Spectrum
The sound spectrum generated from a circular cylinder was measured by a microphone of a diameter of 12.7 mm, which was located on the top side of the circular cylinder with a distance of 500 mm. The experimental result is shown in Figure 2 , which shows the sound spectrum with and without the circular cylinder in a uniform flow. It is found that the sound spectrum with the circular cylinder has a peak around 370 Hz due to the generation of vortex shedding from the circular cylinder. The Strouhal number
is evaluated as 0.19, which is in close agreement with that of the vortex shedding from a circular cylinder in literature [5] . Figure 3 shows an example of instantaneous velocity and vorticity field around a circular cylinder Figure 3(a) and the vector product of vorticity and velocity Figure 3(b) , which are obtained from the smoke images taken by camera A. Note that the vorticity is evaluated from the circulation method [15] . These results show a high intensity of vorticity near the separation point and along the shear layer. The instantaneous velocity field around the circular cylinder after 200 μsec is similarly obtained from the smoke images taken by the camera B. Then, the instantaneous sound source intensity is evaluated as shown in Figure 3(c) by evaluating the time derivative of the Lamb vector. The uncertainty in the time-derivative of the Lamb vector is about 10%. The instantaneous sound source intensity distribution shows a high intensity along the shear layer originating from the point of separation and in the wake of the circular cylinder. Thus, the velocity and vorticity fluctuations in these regions could contribute to the generation of aerodynamic sound from the circular cylinder. In order to visualize the location of the sound source distribution, the RMS sound intensity is evaluated from 600 instantaneous velocity fields taken at 4 Hz in the flow around the circular cylinder. Figure 3(d) shows the RMS sound source intensity distribution in the whole area of interests of the circular cylinder. It is seen that the highest sound source intensity appears near the separation point and along the shear layer, which is similar to the instantaneous sound source distribution in Figure 3(c) . However, the sound source intensity in the wake of the circular cylinder does not show high intensity in the wake and it is distributing broadly, reflecting the dynamic nature of vortex shedding. It should be mentioned that the present results agree qualitatively with the experimental and numerical results of aerodynamic sound source for a circular cylinder in literature [4] [5] [11] , which suggests the reliability of the present experimental method for localizing the sound source distribution. The quantitative evaluation of sound intensity from the PIV measurement is the next step of research.
Localization of Aerodynamic Sound Source
Conclusion
The measurement of sound source intensity distribution around a circular cylinder is carried out using a pair of PIV system as an alternative of the time-resolved one. This system allows the measurement of sound source intensity, which is the time derivative of the vector product of vorticity and velocity vector. The experimental result indicates that the large magnitude of sound source intensity is observed from the shear layer originating from the separation point and in the separating shear layer. This result agrees with the previous experimental and numerical observations of sound source distribution, which supports the usefulness of the present system.
